Structural Basis for a Direct Interaction between FGFR1 and NCAM and Evidence for a Regulatory Role of ATP  by Kiselyov, Vladislav V et al.
Structure, Vol. 11, 691–701, June, 2003, 2003 Elsevier Science Ltd. All rights reserved. DOI 10.1016/S0969-2126(03)00096-0
Structural Basis for a Direct Interaction
between FGFR1 and NCAM
and Evidence for a Regulatory Role of ATP
140 kDa), and a glycosylphosphatidylinositol-anchored
isoform (120 kDa) (Berezin et al., 2000).
The cell adhesion molecules (CAMs) NCAM, L1, and
N-cadherin all promote axonal outgrowth. Based on in-
direct biological evidence, it has been proposed that
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and Elisabeth Bock1,* these CAMs are involved extracellularly in a cis-interac-
1Protein Laboratory tion with the fibroblast growth factor receptor (FGFR;
Institute of Molecular Pathology Saffell et al., 1994; Williams et al., 1994). FGFRs are a
Blegdamsvej 3 family of four closely related high-affinity receptor tyro-
Copenhagen sine kinases consisting extracellularly of three Ig mod-
Denmark ules and intracellularly of a split tyrosine-kinase module
2 Institute of Molecular Biology (Powers et al., 2000). The NCAM modules involved in
Øster Farimagsgade 2A the putative binding to FGFR have so far been elusive.
Copenhagen However, because the two membrane-proximal F3 mod-
Denmark ules of NCAM can mimic the neuritogenic activity of
3 Shemyakin-Ovchinnikov Institute of Bioorganic NCAM (Frei et al., 1992; Kasper et al., 1996), they have
Chemistry been presumed to interact with FGFR.
Miklukho-Maklaya 16/10 NCAM has been shown to extracellularly hydrolyze
Moscow adenosine triphosphate (ATP; Dzhandzhugazyan and
Russia Bock, 1993, 1997), which is one of the most abundant
neurotransmitters in the nervous system (Evans et al.,
1992). The role of this ecto-ATPase activity in relation
to the known biological functions of NCAM is not wellSummary
understood. ATP has been demonstrated to be a modu-
lator of NCAM-induced neuritogenesis (Skladchikova etThe neural cell adhesion molecule (NCAM) promotes
al., 1999), and ATP binding and hydrolysis affect NCAMaxonal outgrowth, presumably through an interaction
cleavage in the region of the two F3 modules (Dzhan-with the fibroblast growth factor receptor (FGFR).
dzhugazyan and Bock, 1997), indicating that the ATPaseNCAM also has a little-understood ATPase activity. We
activity of NCAM is localized to this part of NCAM. Thishere demonstrate for the first time a direct interaction
is further supported by the fact that the F3 module 2between NCAM (fibronectin type III [F3] modules 1 and
contains a conserved sequence, A686ENQQGKS693,2) and FGFR1 (Ig modules 2 and 3) by surface plasmon
homologous to a common nucleotide binding motifresonance (SPR) analysis. The structure of the NCAM
G/AXXXXGKT/S (X designating any amino acid; WalkerF3 module 2 was determined by NMR and the module
et al., 1982). Another conserved motif, DXXG, whichwas shown by NMR to interact with the FGFR1 Ig
seems to regulate conformational changes during themodule 3 and ATP. The NCAM sites binding to FGFR
catalytic cycle (Smith and Rayment, 1996), is also foundand ATP were found to overlap and ATP was shown
in the same region of NCAM, D636DGG639.by SPR to inhibit the NCAM-FGFR binding, indicating
By means of surface plasmon resonance (SPR) analy-that ATP probably regulates the NCAM-FGFR interac-
sis, we here show that the NCAM F3 modules 1 and 2tion. Furthermore, we demonstrate that the NCAM
bind to the FGFR Ig modules 2 and 3. The structure of themodule was able to induce activation (phosphoryla-
F3 module 2 was subsequently determined by nucleartion) of FGFR and to stimulate neurite outgrowth. In
magnetic resonance (NMR) analysis, and the NCAMcontrast, ATP inhibited neurite outgrowth induced by
module was shown to interact with the FGFR Ig modulethe module.
3 (but not module 2) and ATP. The site in the F3 module
2 involved in binding to FGFR as determined by NMR
Introduction was found to overlap with the ATP binding site, and
ATP was shown by SPR to inhibit NCAM-FGFR binding,
The neural cell adhesion molecule (NCAM) plays a piv- indicating that ATP probably modulates the NCAM-
otal role during development of the nervous system, FGFR interaction. Moreover, we demonstrate that the
mediating binding between neural cells and stimulating F3 module 2 and a 15 amino acid long peptide derived
axonal outgrowth and fasciculation. NCAM also regu- from it, corresponding to the FGFR binding site, were
lates synaptic plasticity, including such processes as able to induce activation (phosphorylation) of FGFR and
learning and memory consolidation. Extracellularly,
to stimulate neurite outgrowth. In contrast, ATP inhibited
NCAM consists of five immunoglobulin (Ig) and two fi-
neurite outgrowth induced by the module and the pep-
bronectin type III (F3) modules, and is expressed in three
tide. Thus, our results provide evidence for a direct inter-
major isoforms: two transmembrane isoforms (180 and
action between NCAM and FGFR, and suggest that ATP
regulates NCAM-induced axonal outgrowth through
modulation of the NCAM-FGFR interaction.*Correspondence: bock@plab.ku.dk
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Figure 1. Binding of NCAM to FGFR
(A) The binding was studied by means of SPR analysis. Approximately 2000 resonance units (RU) of the FGFR modules were immobilized on
the sensor chip. The combined NCAM F3 modules 1 and 2 and the combined NCAM Ig modules 1, 2, and 3 were injected into the sensor
chip at the specified concentrations. The binding is given as the response difference between the binding to the sensor chip with the
immobilized FGFR modules and a blank sensor chip (unspecific binding). Only very small unspecific binding was detected for the above-
mentioned proteins at all concentrations used in this study. Four independent experiments were performed using two different preparations
of all employed proteins.
(B) The estimated percentage of FGFR bound to NCAM was plotted versus the Kd of the FGFR-NCAM interaction using a physiological range
of Kd values.
Results and CbFR is the concentration of FGFR bound to NCAM
(the equation is valid only if CtotFR is much smaller than
CNCAM, which is true in this case). As can be seen fromTo study the possible interaction between the NCAM F3
modules and FGFR1, we used the following recombinant Figure 1B, a substantial binding between FGFR and
NCAM can be expected when the Kd is less than 400proteins: the combined NCAM Ig modules 1, 2, and 3,
the individual and combined NCAM F3 modules 1 and M, and 83% of FGFR can be expected to bind to NCAM
if the Kd is 10 M. Thus, we conclude that the experi-2, (without expression of exons a and AAG), and the
individual and combined FGFR1 Ig modules 2 and 3. All mentally determined affinity for the NCAM-FGFR inter-
action (10M Kd) is sufficient to ensure binding betweenrecombinant proteins were properly folded as judged
by one-dimensional NMR analysis. FGFR and NCAM under physiological conditions.
We also tested to see whether the individual F3 mod-
ules could bind to FGFR, but no binding of either of the
Demonstration of a Direct Interaction
modules could be detected in this experimental setup
between NCAM and FGFR
(data not shown).
To test whether the NCAM F3 modules bind to FGFR,
These data show that the NCAM F3 modules bind
we used SPR analysis. From Figure 1A, it appears that
directly to FGFR, and indicate that both F3 modules are
a protein consisting of the NCAM F3 modules 1 and 2
necessary for a detectable binding by SPR analysis.
bound to an immobilized protein comprising the FGFR
Apparently, a more sensitive method is required for
modules 2 and 3, whereas a control protein consisting
studying the binding of the individual F3 modules to
of the NCAM Ig modules 1, 2, and 3 did not bind to the
FGFR. NMR analysis provides, to our knowledge, the
FGFR fragment. The dissociation constant (Kd) and the
most sensitive method currently available. This method
coefficients of association and dissociation were: 9.97
requires that the structure of the protein to be analyzed
0.37 M, 889  332 M1 s1, and 5.56  0.07  103
is determined. Because the F3 module 2 possesses a
s1 (mean standard deviation), respectively. In order to
nucleotide binding motif, and because ATP has been
evaluate whether this affinity is sufficient for the binding
demonstrated to be a modulator of NCAM-induced neu-
between FGFR and NCAM in vivo, the NCAM concentra-
rite outgrowth, we decided to focus on this module.
tion in the neuronal plasma membrane was estimated
based on the following facts: the distance between the
cell membranes of two contacting cells in the brain is Determination of the Structure of the NCAM F3
Module 2 by NMR50 nm; NCAM constitutes2% of the membrane pro-
tein in fetal cerebral neurons (Nybroe et al., 1989); and An overlay of 30 superimposed structures for the back-
bone atoms is shown in Figure 2A. A ribbon representa-NCAM has a 150 kDa average molecular weight. From
this, an50M concentration of NCAM in the cell mem- tion of the structure with the seven  strands labeled is
shown in Figure 2B. A summary of the structural statis-brane can be calculated. The concentration of FGFR
bound to NCAM was calculated from the following equa- tics is given in Table 1.
The structure consists of seven antiparallel  strandstion: CbFR  CtotFR/(1  Kd/CNCAM), where CtotFR is the total
FGFR concentration, CNCAM is the NCAM concentration, arranged in a sandwich of two  sheets, one containing
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Figure 2. Structure of the NCAM F3 Module 2
(A) Stereo view of an overlay of the backbone atoms of 30 superimposed structures.
(B) Ribbon representation of the structure.
three strands (ABE) and the other four strands (GFCD). residues are either a part or in the vicinity of the binding
site for the interaction between the two modules. TheseBoth of the  sheets have a right-handed twist. The
triple-stranded  sheet consists of residues K7–G13 (A), residues are located in the turn region between the F
and G  strands, and as can be seen from Figure 3D,S18–I24 (B), and H59–S63 (E), and the four-stranded  sheet
consists of residues I33–A42 (C), I51 and A52 (D), E70–N79 (F), they are close to the N terminus of the module and,
thus, close to the C terminus of the F3 module 1 inand G82–R92 (G). There are two wide  bulges (Chan et
al., 1993) involving residues K85, A86, and V76 (G and F  the NCAM molecule. Because the recombinant protein
consisting of the combined F3 modules 1 and 2 wasstrands), and residues A77, H35, and Y36 (F and C 
strands). The two  bulges contribute to the right- found to bind to FGFR with a much higher affinity than
any of the two individual F3 modules, it is possible thathanded twist conformation of the four-stranded  sheet.
Analysis of the characteristic  sheet interstrand NOEs the perturbed residues at the N terminus of F3 module
2 together with residues at the C terminus of F3 moduleshows unambiguously that this module has the fibronec-
tin type III fold. Prior to this study, no model of the 1 form a single binding site that is destroyed when the
F3 modules are separated, thus greatly reducing theirstructure of the module was available.
affinity to FGFR compared to the double module protein.
The residues of the F3 module perturbed by AMP-Identification of the Residues of the NCAM F3
Module 2 Interacting with FGFR and ATP PCP were Y74 and V75 (Figures 3B and 3C). The side chain
of V75 is buried in the hydrophobic core of the module,In the 15N-HSQC spectrum of an 15N-labeled protein, a
signal for each amino acid with both a nitrogen and whereas the aromatic ring of the side chain of Y74 is
exposed on the surface of the module and, thus, avail-proton can be observed. The changes in the chemical
shifts of the signals provide a method for the identifica- able for interaction with ATP. Analysis of the module
structure reveals that there is a proper structural envi-tion of residues in a protein that are perturbed by the
binding of another molecule. One millimolar unlabeled ronment around Y74 for the interaction with ATP to take
place. Generally, interaction between the negativelyFGFR Ig modules 2 or 3, or 5 mM AMP-PCP (a nonhydro-
lyzable analog of ATP) were added to a 50 M charged triphosphate moiety of ATP and the positively
charged side chains of lysines is important for ATP bind-15N-labeled sample of NCAM F3 module 2. No significant
changes in chemical shifts were found in the presence ing. Y74 is located in the close vicinity of the nucleotide
binding motif A77ENQQGKS84 containing K83, and next toof Ig module 2 (data not shown). The recorded changes
in chemical shifts in the presence of Ig module 3 or the motif, another lysine is located: K85. The side chains
of K83 and K85 are exposed on the surface of the moduleAMP-PCP are shown in Figures 3A and 3B. The residues
of the F3 module that exhibited perturbation by Ig mod- and form a “fork” structure sticking out of the module
(Figures 3E and 3F). ATP is just the right size to fitule 3 were N79, Q81, G82, and K83 (Figure 3A). The changes
in the chemical shifts of these residues demonstrate between Y74, K83, and K85 so that K83 and K85 can interact
with the negatively charged triphosphate moiety of ATP,that the presence of Ig module 3 close to F3 module 2
alters the chemical environment at the perturbed resi- whereas the side chain of Y74 may be involved in a hy-
drophobic interaction with the adenosine moiety of ATPdues of the F3 module, indicating that the perturbed
Structure
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As can be seen from Figure 4A, adding 10 mM ATP toTable 1. Structural Statistics of the Thirty Structures of the
30 M NCAM F3 modules 1 and 2 completely inhibitedNCAM F3 Module 2
binding of the F3 modules to the FGFR Ig modules 2 and
Structural Precisiona
3. To determine the inhibition constant (Ki), the inhibitionRms deviation for backbone atoms 0.25 A˚
effect was measured at various ATP concentrations (Fig-Rms deviation for heavy atoms 0.68 A˚
ure 4B). The calculated Ki was 0.37  0.05 mM.Number of constraintsb 1434
Long-range NOE 717 Because the NMR experiments indicate that the FG
Medium-range NOE 122 loop region of F3 module 2 is involved in binding to
Sequential NOE 364 FGFR, it was of interest to test whether a synthetic
Intra-NOE 119
peptide spanning these residues could bind to FGFR.Dihedral angle 44
For this purpose, we synthesized a peptide correspond-Hydrogen bond 80
ing to residues E72–A86 (termed the FG loop peptide).Energiesc (kcal/mol)
Bonds 2.23  0.05 However, binding of this peptide cannot be detected
Bond angles 191.2  0.08 by SPR, as binding of the intact F3 module cannot be
NOE 5.02  0.36 detected. We, therefore synthesized a dendrimeric ver-
Dihedral angles 0.004  0.005
sion of the peptide in which four peptides are connectedHydrogen bonds 157.5  7.1
to a three-lysine backbone through their C termini. Thisvan der Waals bonds 359.9  7.2
makes it possible for the peptide to bind to severalDihedral bond angles 494.2  11.4
Improper bond angles 24.9  2.2 molecules of FGFR simultaneously, thus greatly increas-
Overall 164  11.4 ing the apparent affinity of the peptide, and, at the same
Rms Deviations from Idealized Geometry time, increasing the sensitivity of the SPR analysis 4-fold
Bonds 0.0027  0.0000 A˚
(as the molecular weight of the peptide is increasedBond angles 1.4558  0.0075
four times). As appears from Figure 4C, the dendrimericImproper bond angles 0.8674  0.0198
peptide bound to FGFR with an apparent Kd of 2.58 Rms Violation of Constraints
NOE/hydrogen bonds 0.0189  0.0007 A˚ 2.06 M. The true Kd for the interaction between the
Dihedral angles 0.0360  0.0176 monomeric peptide and FGFR cannot be calculated be-
Structure Analysis with WHATCHECK cause the number of FGFR molecules to which the den-
2nd generation packing quality Z score 1.42  0.17
drimeric peptide binds simultaneously is not known. Be-Ramachandran plot Z score 1.94  0.27
cause binding of F3 modules 1 and 2 to FGFR could be	1/	2 plot Z score 1.53  0.34
inhibited by ATP and because the peptide contains theBackbone confirmation Z score 2.10  0.20
Structure Analysis with PROCHECK entire nucleotide binding motif of NCAM, we also tested
Number of residues in the most favored 75.3% whether ATP could interfere with binding of the peptide
region of the Ramachandran plot to FGFR. Indeed, adding 10 mM ATP to 34 M peptide
All of the analyzed main and side chain parameters were found inhibited the binding by 70% (Figure 4C).
within normal ranges when compared to X-ray structures of 2 A˚ These data demonstrate that as predicted from NMR
resolution.
experiments, NCAM binding to FGFR can be inhibited
a Rms deviations from the average for residues 3–96 in 30 structures. by ATP, and support the notion that the FG loop region
Residues 1 and 2 are extra residues from the vector DNA. of F3 module 2 is involved in binding to FGFR, and that
b Number of nonredundant constraints.
NCAM sites for FGFR and ATP overlap.c The energies were calculated using the CHARMM force field with
force constants for NOE of 10 kcal mol1 A˚2 and for dihedral con-
straints of 200 kcal mol1 rad2.
FGFR Is Activated by the NCAM F3 Module 2
and the FG Loop Peptide
Because the NCAM F3 module 2 and the dendrimeric(Figure 3F). The G/AXXXXGKT/S nucleotide binding mo-
tif is usually associated with a  strand-loop-helix archi- FG loop peptide bind to FGFR, they may be expected
to induce FGFR activation in living cells. To test thistecture, whereas in the F3 module, the motif is located
in a  strand-loop region. However, the ecto-ATPase assumption, TREX-293 cells, stably transfected with
FGFR containing a C-terminal StrepII tag, were stimu-activity of another cell adhesion molecule, C-CAM, has
been mapped to its N-terminal Ig module. This all- lated with FGF2 (positive control), F3 module 2, the den-
drimeric FG loop peptide, or nothing. We decided tostrand Ig module contains a similar nucleotide binding
motif, which was shown by mutagenesis to be essential stimulate cells for 20 min because our binding experi-
ments indicate that20 min is required for NCAM-FGFRfor the ATPase activity of C-CAM (Sippel et al., 1994).
The residues perturbed by the FGFR Ig module 3 (N79, binding to reach an equilibrium, and because it has
been demonstrated that these cells can be stimulatedQ81, G82, and K83) are also a part of the nucleotide binding
motif. Thus, these data indicate that N79, Q81, G82, and by FGF2 for up to 18 hr without a significant decrease
in FGFR activation compared to cells stimulated for 10K83 of the NCAM F3 module 2 are located in a site binding
to FGFR, and that the FGFR binding site overlaps with min (Suyama et al., 2002). After stimulation, FGFR was
immunopurified using anti-phosphotyrosine antibodiesthe ATP binding site.
and then analyzed by immunoblotting using antibodies
against the StrepII tag. As appears from Figure 5A, bothBinding of NCAM to FGFR Can Be Inhibited
by ATP 5 M F3 module and 2.5 M dendrimeric FG loop pep-
tide substantially increased FGFR phosphorylationIf the NCAM sites binding to FGFR and ATP overlap,
then ATP is expected to interfere with the NCAM-FGFR compared to the nonstimulated cells. To confirm these
data, FGFR phosphorylation was also studied using an-binding. To test this assumption, we used SPR analysis.
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Figure 3. Demonstration of an Interaction of the NCAM Module 2 with the FGFR Ig Module 3 or AMP-PCP
(A and B) Changes in the chemical shifts of 1H and 15N atoms of 50 M 15N-labeled sample of the NCAM F3 module 2 after addition of 1 mM
unlabeled sample of the FGFR1 Ig module 3 (A) or 5 mM AMP-PCP (B). The chemical shifts were determined from the 15N-HSQC spectra. The
data are presented as averages from two independent experiments.
(C) An overlay of two 15N-HSQC spectra of the NCAM F3 module 2 before (red) and after (blue) addition of 5 mM AMP-PCP for the peaks
corresponding to four consecutive amino acids of the module.
(D) Mapping of the residues of the NCAM F3 module 2 perturbed by the FGFR Ig module 3 (N79, Q81, G82, and K83; blue) onto the structure of
the module.
(E) Mapping of the residues of the NCAM F3 module 2 perturbed by AMP-PCP, Y74, and V75 (blue), and the residues of the nucleotide binding
motif, A77ENQQGKS84 (red) and K85 (green) to the structure of the module; all other residues are colored yellow.
(F) A possible arrangement of the complex of the NCAM F3 module 2 with ATP. K83 and K85 are colored blue, and Y74 is colored black. The
ribbon representation of the backbone atoms is colored yellow.
other approach. HEK293 cells, transiently transfected FGFR Immunoprecipitates NCAM
with FGFR containing a C-terminal His tag, were stimu- Because the binding between the NCAM and FGFR frag-
lated for 20 min, followed by lysing of the cells and ments could be demonstrated in vitro by SPR and NMR
purification of the total FGFR via the His tag moiety. The analyses, it was of interest to confirm that native NCAM
purified FGFR was then analyzed by immunoblotting binds to FGFR in living cells. Therefore, TREX-293 cells,
using antibodies either to the His tag or phosphotyro- stably transfected with FGFR containing a C-terminal
sine. The previous experiment showed that the dendri- StrepII tag, were transiently transfected with the 180
meric peptide activated FGFR. However, because the kDa NCAM isoform. After lysing the cells, FGFR was
monomeric F3 module also activated FGFR (Figure 5A), affinity purified via the StrepII tag and analyzed by immu-
we surmised that it is not essential if the peptide is noblotting using antibodies against NCAM. As appears
dendrimeric or monomeric. To test this assumption, we from Figure 5C, NCAM is indeed precipitated by FGFR,
used a monomeric version of the peptide in this setup. thus supporting our SPR and NMR experiments.
From Figure 5B, it appears that in this setup, addition
of 5 M F3 module 2 or 25 M FG loop peptide also
FGFR Activation by the NCAM F3 Module 2substantially increased FGFR phosphorylation com-
and the FG Loop Peptide Stimulates Neuritepared to control cells (approximately 2.5- and 2-fold,
Outgrowth, and This Stimulatory Effectrespectively).
Can Be Abrogated by ATPThese data indicate that binding of the NCAM F3 mod-
Because the NCAM F3 module 2 and the FG loop peptideule 2 or the FG loop peptide to FGFR results in the
activate FGFR, we surmised that they were capable ofactivation of the latter, and thus confirm the NMR and
mimicking a characteristic function of NCAM: neuronalSPR experiments showing that the FG loop region of
F3 module 2 interacts with FGFR. differentiation as reflected by neuritogenesis. To test
Structure
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Figure 4. Demonstration of an Inhibition by ATP of the Binding between the FGFR Ig Modules 2 and 3 and the NCAM F3 Modules 1 and 2
or the Dendrimeric FG Loop Peptide
The binding was studied by SPR analysis. Approximately 2000 resonance units (RU) of the FGFR modules were immobilized on the sensor
chip. Three independent experiments were performed.
(A) Binding of 30 M F3 modules 1 and 2 to the FGFR modules in the presence or absence of 10 mM ATP.
(B) A plot of % inhibition by ATP of the binding between 30 M F3 modules 1 and 2 and the immobilized FGFR modules versus the ATP
concentration, and the calculated Ki value.
(C) Binding of the dendrimeric FG loop peptide (34, 17, and 8 M concentrations) to the immobilized FGFR modules and binding of 34 M
peptide in the presence of 10 mM ATP.
this assumption, dissociated neurons from embryonic the turn region of the FG loop with Ala in the entire FG
loop peptide also completely inactivated the peptiderat hippocampus were seeded on plastic and allowed
to grow for 24 hr in the presence of the compounds (Figure 6E). These findings corroborate the NMR experi-
ments showing that N79, Q81, G82, and K83 were perturbeddescribed below.
As can be seen from Figures 6A and 6B, 5 M F3 in F3 module 2 by binding to the FGFR Ig module 3.
However, when the residues that seem to be importantmodule 2 substantially increased the length of neurites
compared to the nonstimulated neurons. The effect was for interaction with ATP (Y74, K83, and K85) were substi-
tuted with Ala in the FG loop peptide, the peptide re-quantified in a dose-response study (Figure 6C) demon-
strating that the F3 module, the FG loop peptide, and a tained about 60% of the stimulatory effect of the nonmu-
tated peptide (Figure 6E).truncated version of the peptide (A77–K83) all induced
neurite outgrowth with a bell-shaped curve typical of The structure of the heptameric peptide in the F3
module was compared to the known structure of a natu-growth factor-induced neuritogenesis (Hatten et al.,
1988). The potency of the peptides was lower than that ral ligand of FGFR, FGF2 (PDB ID code 4FGF; Eriksson
et al., 1993), and it was found that the peptide exhibitedof the module, as a ten times higher concentration was
required for maximal effect, and the truncated form was a striking structure and sequence similarity to a loop
region in FGF2, A42–R48 (Figure 7A). The conformationsless efficient than the extended form. The stimulatory
effect of the F3 module and the FG loop peptide could of the backbone atoms of the two peptides are virtually
identical, with the side chains also having similar confor-be completely abrogated by an inhibitor of NCAM-stimu-
lated neurite outgrowth, an antibody against FGFR (Wil- mations. As can be seen from Figure 7B, the peptide
derived from FGF2 induced neurite outgrowth to theliams et al., 1994; Figure 6D), further supporting the
notion that the module and the FG loop peptide interact same extent as the similar NCAM peptide, and substitu-
tion of any amino acid with Ala resulted in a completewith FGFR.
To determine the functionally important amino acids loss of function. The close sequence and structure simi-
larity between the FG loop of the NCAM F3 module 2of the FG loop peptide, it was analyzed by truncations
and Ala substitutions of various amino acids. Two trun- and a part of FGF2 further corroborates our contention
that the former is directly interacting with FGFR.cated versions (from the N- and C-terminal) of the FG
loop peptide were produced: the nonamer V76–S84 and Because ATP can inhibit NCAM-FGFR binding, we
presumed that ATP might interfere with the FGFR activa-the heptamer Ala77–K83. Both of the truncated peptides
retained approximately 50% of the stimulatory effect of tion by F3 module 2 and, consequently, affect the neuri-
togenic activity of the module. To test this assumption,the entire FG loop peptide (Figure 6E), indicating that
the turn region between the F and G  strands is impor- neurons were stimulated with the below-described com-
pounds in the presence of ATP or AMP-PCP. As can betant for NCAM-FGFR interaction. As can be seen from
Figure 6E, substitution of any amino acid in the hepta- seen from Figure 7C, both ATP and AMP-PCP substan-
tially reduced the neuritogenic effect induced by F3meric peptide with Ala resulted in a decrease in neurito-
genic potency, and a complete loss of function was module 2 and the FG loop peptide. A complete inhibition
of the effect of both the F3 module and the FG loopachieved if E78, N79, Q80, G82, and K83 were substituted,
indicating that these residues are important for interac- peptide was achieved when AMP-PCP was added,
whereas only the effect of the FG loop peptide wastion with FGFR. Substitution of both Q80 and Q81 from
Structural Basis for NCAM-FGFR Interaction
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our NMR and SPR data showing that the FG loop region
of F3 module 2 interacts with FGFR and that ATP inhibits
NCAM-FGFR interaction.
Discussion
We here describe the structure of the NCAM F3 module
2, present the first direct evidence of an interaction be-
tween a CAM molecule and FGFR, and demonstrate a
regulatory role of ATP in the NCAM-FGFR interaction.
The structure of the NCAM F3 module 2 was found
to be of a fibronectin type III fold. By SPR, we showed
that the NCAM membrane-proximal F3 modules 1 and
2 bound to the FGFR membrane-proximal Ig modules
2 and 3 with a 10 M Kd. Estimation of the NCAM con-
centration in the neuronal plasma membrane allows us
to predict that this affinity is sufficient for an efficient
binding between NCAM and FGFR under physiological
conditions, which was confirmed by coimmunoprecipi-
tation of NCAM with FGFR. The FGFR binding site of
NCAM was further mapped by NMR to the FG loop
region of F3 module 2, and this result was confirmed
by SPR showing that a synthetic peptide corresponding
to the FG loop region also bound to FGFR. The physio-
Figure 5. Effect of the NCAM F3 Module 2 and the FG Loop Peptide logical relevance of these findings was demonstrated
on Phosphorylation of FGFR and Immunoprecipitation of NCAM by by the fact that both the module and the peptide were
FGFR
capable of mimicking the well-documented functions of
(A) TREX-293 cells, stably transfected with FGFR containing a C-ter- NCAM: activation of FGFR and stimulation of neurito-
minal StrepII tag, were stimulated for 20 min with either 10 ng/ml
genesis (Saffell et al., 1994, 1997; Williams et al., 1994;FGF2, 5 M F3 module 2, or 2.5 M dendrimeric FG loop peptide.
Frei et al., 1992; Kasper et al., 1996). Furthermore, analy-After stimulation, FGFR was immunopurified using anti-phosphotyr-
osine antibodies and then analyzed by immunoblotting using anti- sis of the effect of truncations and mutations on the
bodies against the StrepII tag. neuritogenic potency of the peptide shows that the FG
(B) HEK293 cells, transiently transfected with a His-tagged version loop region is essential for neuritogenic activity, thus
of FGFR1, were stimulated for 20 min with either 5 M F3 module corroborating the NMR data.
2 or 25 M FG loop peptide. The total amount of FGFR1 and the
Because NCAM is an ecto-ATPase and F3 module 2amount of FGFR phosphorylation was estimated by immunoblotting
contains a nucleotide binding motif, a possible interac-using anti-pentahis (anti-His) and anti-phosphotyrosine (anti-pY) an-
tibodies, respectively. Quantification of FGFR phosphorylation was tion between ATP and the module was studied and de-
performed by densitometric analysis of the band intensity. Phos- tected by NMR, and analysis of the module structure
phorylation was estimated relative to the control (untreated cells), reveals that there is a proper structural environment for
which has been normalized to 1.0. The error bar represents one the interaction with ATP. The role of the NCAM ecto-
standard error of the mean. P
 0.05 by paired t test when comparing
ATPase activity in relation to its functions is not welltreated cells with controls (the t test was performed on six indepen-
understood. NCAM has a low hydrolysis rate of aboutdent sets of nonnormalized data). Ctl, control; F3, F3 module 2; and
FGL, FG loop peptide. 1000 ATP molecules per min (Dzhandzhugazyan and
(C) TREX-293 cells, stably transfected with FGFR containing a C-ter- Bock, 1997). Such rates are found in proteins whose
minal StrepII tag, were transiently transfected with a control vector function requires cyclical conformational changes, such
or NCAM. FGFR was purified from the cell lysate via the StrepII tag as GTPases. The slow hydrolysis of GTPases (about 100
and analyzed by immunoblotting using antibodies against NCAM.
GTP molecules/min) is thought to be important for the
coupling of GTP hydrolysis to signal transduction (Cole-
man et al., 1994), indicating that the function of the slowcompletely inhibited when ATP was added, indicating
that ATP was a less potent inhibitor than its nonhydrolyz- ATP hydrolysis by NCAM may be induction of conforma-
tional changes in NCAM affecting subsequent signalable analog. Most significantly, when the amino acid
residues of the FG loop peptide presumed to be of transduction.
The NMR data indicate that the NCAM sites for ATPimportance for ATP binding (Y74, K83, and K85) were sub-
stituted with Ala, the peptide retained its neuritogenic and FGFR overlap, which was confirmed by SPR show-
ing that ATP inhibited NCAM-FGFR interaction (Ki 0.37potency, but the stimulatory effect of the peptide could
no longer be inhibited by ATP (Figure 7C), supporting mM) and the binding of the FG loop peptide to FGFR.
The physiological relevance of these results was shownthe notion that ATP binding regulates the interaction
between the F3 module and FGFR. by the fact that ATP or AMP-PCP inhibited the neurito-
genic effect of both the F3 module and the peptide.These results indicate that activation of FGFR in neu-
rons by the NCAM F3 module 2 and the FG loop peptide The concentration of ATP completely blocking NCAM
signaling was relatively high: 1 mM (well in agreementinduces neuritogenesis, and that this effect (as pre-
dicted) can be inhibited by ATP; they thus corroborate with a 0.37 mM Ki), but physiological, as the concentra-
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Figure 6. Effect of the NCAM F3 Module 2 and the FG Loop Peptide on Neurite Outgrowth from Hippocampal Neurons
(A) Phase contrast micrograph of control (untreated) neurons.
(B) Phase contrast micrograph of neurons treated with 5 M F3 module for 24 hr.
(C) Neurite length versus the concentration of the F3 module, the FG loop peptide, and a truncated version of the peptide.
(D) Effect of an anti-FGFR antibody on neurite outgrowth induced by 5 M F3 module or 50 M FG loop peptide.
(E) Effect of substitutions of the various amino acids with Ala in the FG loop peptide or truncated versions of the peptide on neurite outgrowth
from hippocampal neurons. The concentration of the various peptides was 50 M in all cases. Four independent experiments were performed.
The error bar represents one standard error of the mean. * and ** represent statistical significance of p 
 0.05 and p 
 0.01, respectively (by
t test).
tion of ATP in synaptic vesicles actually is in the mM assumption is corroborated by a study in which ATP was
shown to modulate NCAM-induced neurite outgrowthrange, if in free solution (Dubyak and el-Moatassim,
1993). Based on these data, we suggest that ATP bind- (Skladchikova et al., 1999).
Our results elucidate the roles of NCAM and ATP ining to NCAM regulates NCAM-FGFR interaction. This
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Figure 7. Sequential, Structural, and Functional Similarity between Heptameric Peptides Derived from the FG Loop Peptide and FGF2, and
Effect of ATP/AMP-PCP on the Neuritogenic Potency of the NCAM F3 Module 2, the FG Loop Peptide, and a Modified Version of the Peptide
(A) Sequential alignment of the heptamers, in which the signs |, ||, :, and · indicate the level of similarity in decreasing order, and structural
alignment of the backbone and side chain atoms of the heptamers from NCAM (blue) and FGF2 (red).
(B) Effect of the FGF2-derived peptide and various Ala-substituted forms on neurite outgrowth from hippocampal neurons including a
comparison to the corresponding NCAM-derived peptide. Four independent experiments were performed. The error bar represents one
standard error of the mean. * represents the statistical significance of p 
 0.05 (by t test).
(C) Neurons were stimulated with either 5 M F3 module 2 or 50 M peptide in the presence of various concentrations of ATP or AMP-PCP
(0, 0.4, and 1.0 mM). Clt, control; F3, F3 module 2; FGL, FG loop peptide; and YKK, FG loop peptide in which Y74, K83, and K85 were substituted
with Ala. Four independent experiments were performed. The error bar represents one standard error of the mean. * and ** represent the
statistical significance of p 
 0.05 and p 
 0.01, respectively (by t test).
the regulation of axonal growth. Homophilic interaction tween NCAM and FGFR and, therefore, affect, or stop
the axonal growth in the area of a newly formed synapticbetween NCAM on a growth cone and NCAM expressed
contact, where it is no longer necessary.by surrounding cells probably leads to NCAM clustering
Thus, our results provide evidence for a direct interac-in the growth cone, followed by clustering of FGFR and,
tion between NCAM and FGFR, and indicate that ATP isconsequently, activation of the latter, thus providing an
a regulator of NCAM-induced axonal outgrowth throughenvironment stimulating axon extension. NCAM-stimu-
regulation of NCAM-FGFR interaction.lated neuritogenesis is presumably nondirectional, as
NCAM does not have a restricted pattern of expression.
Experimental ProceduresTherefore, the direction of axonal growth is dependent
on other factors. When the growth cone reaches its Production of Recombinant Proteins
target and a synaptic contact is formed, the release of The NCAM F3 modules 1 and 2 (without expression of exons a and
AAG), and FGFR1 Ig modules 2 and 3 were produced using ratATP from the synapse may regulate the coupling be-
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NCAM cDNA (Kasper et al., 1996) and mouse FGFR1 (IIIC isoform) violation 
5. The structures were examined with MOLMOL,
PROCHECK_NMR, and WHATCHECK programs. Seventy-eightcDNA (kindly provided by Dr. Patric Doherty, King’s College, Lon-
don). F3 module 1 and the combined F3 modules 1 and 2 consist structures had the absolute values of the Z scores for the second
generation packing quality, the Ramachandran plot, the 	 1/	 2 plot,of AGHHHHHH and amino acids 507–611 and 507–705 of NCAM
(SwissProt p13596), respectively. The F3 module 2 consists of AG and the backbone conformation less than 3.0. From these 78 struc-
tures, 30 structures with the absolute values of the Z scores lessand amino acids 612–705 of NCAM (SwissProt p13596), and is se-
quentially numbered from 1 to 96, A being numbered 1. The FGFR than 2.4 were chosen to represent the structure of F3 module 2.
Ig module 2 consists of AGHHHHHH and amino acids 140–251 of
FGFR (SwissProt p16092). The FGFR Ig module 3 and the combined Assay for Determination of FGFR1 Phosphorylation
Ig modules 2 and 3 consist of RSHHHHHH and amino acids 249–365 and NCAM Immunoprecipitation
and 141–365 of FGFR (SwissProt p16092), respectively. The F3 mod- Method 1
ules and the FGFR Ig module 2 were expressed in a KM71 strain of TREX-293 cells (Invitrogen) were stably transfected with human
yeast P. pastoris (Invitrogen) as described (Thomsen et al., 1996). FGFR1 (kindly supplied by Dr. Lena Claesson-Welsh, Uppsala, Swe-
The FGFR Ig module 3 and modules 2 and 3 were expressed in den) with a C-terminal StrepII tag (IBA Biotech), using the Flp-In
Drosophila S2 cells (Invitrogen) according to the manufacturer’s system (Invitrogen). For the study of phosphorylation, 2  107
instructions. All the proteins were purified by affinity chromatogra- cells were starved overnight before stimulation for 20 min with the
phy using Ni2-NTA resin (Qiagen) and/or ion exchange chromatog- specified compounds. Cells were lysed in PBS with 1% NP-40 and
raphy and gel filtration. 15N-labeled F3 module 2 was produced as phosphatase inhibitors cocktail set II (Calbiochem). The cleared cell
described (Thomsen et al., 1996). The NCAM Ig modules 1, 2, and lysates were incubated with 50l agarose-coupled anti-phosphotyr-
3 (RV and amino acids 20–308 of rat NCAM, SwissProt p13596) were osine antibodies (4G10-AC, Upstate Biotechnologies) for 3 hr at 4C.
produced as described (Soroka et al., submitted). Care was taken to calibrate the amount of cells employed, so that
considerable increases in phosphorylated FGFR could be detected.
The bound protein was washed, eluted using 150 mM phenyl phos-SPR Analysis
Binding analysis was performed using a BIAcoreX instrument (Bio- phate (Sigma), precipitated by 12% trichloroacetic acid, washed in
cold acetone, and dissolved in SDS-PAGE sample buffer. Immu-sensor AB) at 25C using 10 mM sodium phosphate (pH 7.4), 150
mM NaCl as running buffer. The flow rate was 5 l/min. Data were noblotting was performed using antibodies against the recombinant
StrepII tag (IBA Biotech). For immunoprecipitation, 1  107 cellsanalyzed by nonlinear curve fitting using the manufacturer’s soft-
ware. The FGFR Ig modules 2 and 3 were immobilized on sensor were transiently transfected with the 180 kDa NCAM isoform or a
control vector. Cells were incubated for 24 hr and then starvedchip CM5 using an amine coupling kit (Biosensor AB) as follows:
the chip was activated by 20 l activation solution; the protein overnight. After lysis, FGFR was purified on a StrepTactin minicol-
umn (IBA Biotech) according to the manufacturer’s instructions,was immobilized using 12 l of 20 g/ml protein in 10 mM sodium
phosphate buffer (pH 6.0); and the chip was blocked by 35 l and analyzed by immunoblotting with polyclonal antibodies against
human NCAM.blocking solution. The curve corresponding to the difference be-
tween binding to FGFR and a blank chip was used for analysis. Method 2
The cDNA for the rat FGFR1 (IIIC isoform) was cloned by RT-PCRFor ATP competition experiments, the specified compounds were
preincubated for 10 min with ATP at a specified concentration. The using RNA isolated from the rat PC12 cell line and inserted into a
pcDNA3.1() plasmid (Invitrogen), which allows expression ofKi of ATP for the interaction between the NCAM F3 modules 1 and
2 and the FGFR modules 2 and 3 was estimated as previously FGFR1 fused to the N terminus of hexahistidine. Approximately 8 
105 HEK293 cells were cultured for 24 hr in 60 mm plates in fulldescribed (Kiselyov et al., 1997): the initial binding rates of 30 M
F3 modules, V0, and 30 M F3 modules preincubated with ATP medium (DMEM 1965 supplemented with 10% FCS, 100 U/ml peni-
cillin, 100 g/ml streptomycin, and 58.4 g/L Glutamax) and thenat a specified concentration, VATP, were determined. The percent
inhibition, I%, was calculated using the formula I%  (1  VATP/V0)  transfected with 0.2 g plasmid (with FGFR) using the LipofectAMIN
PLUS reagent kit according to the manufacturer’s instructions100, and Ki was calculated by nonlinear fitting of the theoretical
curve to the experimental data. (GIBCO-BRL). Cells were grown for another 24 hr in full medium,
and then shifted to starvation media (DMEM 1965) overnight. FGFR-
transfected cells were stimulated for 20 min with the specified com-NMR Measurements
pounds, lysed in 8 M urea, 1 mM orthovanadate (in PBS) and purifiedThe following samples were used for the structure determination of
from the lysate via the His tag as follows: the lysate was loaded onthe NCAM F3 module 2: 2 mM module in H2O or D2O and 1 mM
Ni2/NTA-sepharose (Qiagen), washed with lysis buffer plus 10 mM15N-labeled module in H2O. The buffer was 30 mM NaCl, 10 mM
imidazole, and the FGFR was eluted with lysis buffer plus 250 mMsodium phosphate buffer (pH 7.27). The following NMR spectra were
imidazole. The purified FGFR was analyzed by immunoblotting usingrecorded and used for assignment: TOCSY in H2O or D2O (45 and
anti-pentahis (Qiagen) or anti-phosphotyrosine (PY20, Transduction70 ms mixing time), NOESY in H2O or D2O (80 and 200 ms mixing
Laboratories) antibodies. The bands were visualized by chemilumi-time), DQFCOSY, 15N-HSQC, and 15N-TOCSY-HSQC (70 ms mixing
nescence and the band density was measured using a GeneGnometime), and 15N-NOESY-HSQC (125 ms mixing time) (Bodenhausen
apparatus (SynGene).and Ruben, 1980; Braunsweiler and Ernst, 1983; Kumar et al., 1981;
Piantini et al., 1982; Zhang et al., 1994). The NMR experiments were
performed on a Bruker AMX-600 MHz and Varian Unity Inova 500, Assay for Measurement of Neurite Length
of Hippocampal Neurons750, and 800 MHz spectrometers. All spectra were recorded at 298
K. The assignment of the 1H and 15N resonances was performed Dissociated neurons from embryonic rat hippocampus (embryonic
day 19), prepared as described (Skladchikova et al., 1999), wereusing the program PRONTO (Kjær et al., 1994).
grown on Permanox plastic (Nunc) for 24 hr at a density of 6000
cells/cm2 at 37C in 5% CO2, in neurobasal medium containing 20Structure Calculation
mM HEPES, 100 U/ml penicillin, 100 g/ml streptomycin, 0.4% BSAA distance geometry/simulated annealing protocol using the X-PLOR
supplemented with B27 (GIBCO-BRL), and the specified com-program was used for structure calculation. The NOE restraints
pounds. After 24 hr, cells were fixed with paraformaldehyde andwere derived from 80/200 ms NOESY and 125 ms 15N-NOESY-HSQC
stained with Coomassie brilliant blue R250, and the length of neu-spectra with upper bounds of 2.7, 3.3, and 6.0 A˚ increased by 0.5 A˚
rites was measured as described (Skladchikova et al., 1999).if the restraint included a methyl group. Forty φ angles restraints
with bounds of 120  40 and 57  40 (derived from 3JHNH
coupling constants) and four 	1 angles were applied. After inspection Acknowledgments
of hydrogen bond energies, 80 hydrogen bond restraints were ap-
plied as NOE restraints with upper bounds of 2 A˚ and 3 A˚ for the The financial support of the EU-Biotech program, the Danish Medi-
cal Research Council, the Lundbeck Foundation, and the DanishNH-O and N-O distances, respectively. All of the calculated struc-
tures (96) had an NOE restraint violation 
0.5 A˚ and an angle Cancer Society is gratefully acknowledged. The NMR spectra were
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